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INVESTIGATION OF THE EFFECTS OF LEAF SPRING AND BUSHING 
STIFFNESS CHARACTERISTICS ON VEHICLE DYNAMICS 
 
 
SUMMARY 
 
In this work of thesis a commercial vehicle model have been created using ADAMS 
modules, mostly ADAMS/Chassis, and analysed in the purpose of creating an 
understanding to the design effects of rear suspension parameters. The number of 
leaves composing the rear suspension have been varied from 3 leaves to a single leaf 
and the effects have been analysed running constant radius and lane change stability 
maneuvers. Slip angles, required steering wheel angles, yaw rates and lateral 
acceleration changes have been observed and the effects to the vehicle dynamics 
discussed. As a second stage to design change, the effects of bushing stiffness to the 
appropriate characteristics have been observed. Front eye bushing, leaf spring to 
shackle bushing and shackle to frame bushing radial and conical spring rates have 
been decreased 50%, than the constant radius simulation was performed. 
 
The results shows that the vehicle dynamic behaviour of the vehicle is strictly related 
with the design parameter of rear suspension. Stiffening the rear suspension, meaning 
adding more leaves or stiffining the bushings, will make the vehicle more oversteer. 
And the vehicle will tend to be more understeer with softer rear suspensions. Having 
vehicle with stiffer rear suspensions is more stable with relatively smaller yaw rates 
and lateral accelerations. 
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YAPRAK YAY DĠZAYN PARAMETRELERĠ VE BURÇ SERTLĠKLERĠNĠN 
ARAÇ SEYĠR DĠNAMĠĞĠNE ETKĠLERĠNĠN ĠNCELENMESĠ 
 
 
ÖZET 
 
Bu tezde arka süspansiyon dizayn parametrelerinin seyir dinamiğine etkilerini 
görmek amacıyla ADAMS/Chassis modülü ağırlıklı olarak kullanılarak ticari bir taşıt 
modellenmiştir. Modellenen bu araç üzerinde arka süspansiyonu oluşturan yaprak 
yay adetleri değiştirilmiş ve 3 yaprak, 2 yaprak ve tek yaprak sayısı için sabit çapta 
dönme testi ve ani şerit değiştirme testleri yapılmıştır. Testler sonucunda kayma 
açıları, gerekli direksiyon açıları, yalpa açıları ve yanal kuvvetler gözlenmiş ve 
model araç üzerinde seyir dinamiğine etkileri tartışılmıştır. Bu analizin yanında, 
yaprak yay burç sertliklerinin ilgili araç karakteristiklerine etkileri incelenmiştir. 
Yaprak yay ön göz burcu, yaprak yay ve küpe arası burç ve küpe gövde arası burç 
çevresel ve konik sertlikleri yüzde elli oraninda azaltilmis ve sabit çapta dönme testi 
uygulanarak etkileri incelenmiştir. 
 
Sonuçlar taşıtın seyir dinamiği karakteristiğinin arka süspansiyon dizayn 
parametreleri ile direk ilintili olduğunu göstermektedir. Arka süspansiyonu 
sertleştirerek, yani süspansiyonu oluşturan yaprak yay sayısını artırarak veya burçları 
sertleştirerek, araç çok döner karakteristiğe yaklaşmış olur. Bununla paralel bir sonuç 
olarak araç arka süspansiyon sertliği ne kadar azaltılırsa seyir dinamiği etkilenecek 
ve araç o mertebede az döner karakteristiğe yaklaşacaktır. Sonuç olarak sert arka 
süspansiyona sahip olan araç daha küçük yalpa açılarına ve daha küçük yanal 
kuvvetlere maruz kalmakta dolayısıyla göreceli olarak daha kararlı bir davranış 
göstermektedir. 
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1. INTRODUCTION 
 
The use of computers in Product Development is demanded by the need to add 
engineering capability and to make existing engineering and technical personnel 
more efficient. Designing vehicle or system products so that they give more value for 
money and use less energy required computer tools, much as manufacturing quality 
today depends on automation and robots. 
 
During product development work for system design there are many goals to be 
achieved in dynamics point of view, such as; best passenger comfort, smooth ride, 
vehicle stability, precise steering, satisfactory handling and braking performance. 
Using the CAE tools during development, rather than validation phases, comes with 
having better understanding of the achieved performance in terms of all desired 
attributes for both component and vehicle levels earlier. In this point, the first 
question to be answered is: how good can the vehicle behavior be predicted? Often 
some of the necessary input data for the CAE models is not available in the early 
stages of a development program so that the second question emerges: What can be 
forecasted in what quality in the course of a vehicle program? 
 
The tool chosen for this study is the well-known multipurpose package for dynamic 
simulation ADAMS. ADAMS/Chassis has the main role in analyzing varying 
components in conjunction with ADAMS/Solver, ADAMS/Postprocessor and 
ADAMS/View modules. 
 
The software ADAMS/Chassis is a system builder that can be used to build computer 
models of a full-vehicle or a vehicle subsystem, run automotive events and 
postprocess the data for analysis. The suspension topology and component properties 
are parameterized and this allows updated models to be built accurately and also 
allows large-scale experiments to be conducted. 
 
Modules: 
 ADAMS/CHASSIS: Modeling and modifying design parameters. 
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 ADAMS/VIEW: To modify the contacts and relations. 
 ADAMS/SOLVER: Running the desired maneuvers. 
 ADAMS/POSTPROCESSOR: Analyzing and discussing the outcomes.  
 
Tools: 
 ADAMS - LEAF SPRING PREPROCESSOR: To create and modify leaf springs. 
 ADAMS – VISEDIT: Accessing the subsystem properties. 
 
The ADAMS software tool is widely used in automotive industry to conduct analysis 
and to predict the relevant behaviors in vehicle dynamics point of view.  
 
The correlation of the master model to the actual vehicle is the key for having useful 
predictions of the behavior. To overcome this, the model is to be made inline with 
the measured experimental data in terms of interactions, dimensions and material 
properties. Creating the master reference baseline model, all the desired changes on 
any part of any component should easily be assessed in dependable way with 
reasonable confidence in spite of manufacturing expensive physical prototypes to be 
tested in time-consuming simulators. 
 
There have been many studies that are in parallel and related with the topic or the 
objectives. Dynamic compliance characteristics are determined through on-board 
measurements and transformation matrix and their applications in validating 
ADAMS full vehicle model are discussed (Park et all, 2004). Experimental and 
simulation results about their unique properties and relationships with SPMD 
(Suspension Parameter Measurement Device) are presented and yaw rate, lateral 
acceleration, steering wheel input and roll angle trends have been taken and reached 
to the results indicating the static compliance characteristics may hardly explain the 
dynamic compliance characteristics in high lateral acceleration range for the constant 
radius steady state test. A recommendation is that measuring forces and moments 
would more systematically define the dynamic compliance on the wheel center. 
Again a study was completed by Baumann and Eckstein (2004) to query the rollover 
of light passenger vehicles. An experimental vehicle of the Daimler Chrysler have 
been equipped with outriggers and instrumented with measuring equipment for 
evaluation of vehicle dynamics. A double lane change test was performed and than 
focused on the steering angle, yaw rate, slip angle and roll angle outcomes. Results 
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show that rollover critical steering strategies are related to high differences in 
steering amplitudes and to high steering wheel angle rates. The time for counter 
steering during evasive maneuver tests is related to the maximum of roll rate and side 
slip angle.  
 
A virtual model developed on ADAMS/Pre (previous version of ADAMS/Chassis) 
was carried out in order to show the relationship between the suspension parameters 
and global vehicle response questioning which hard points (geometric) and what 
values of stiffness for the whole vehicle system will result in a desired dynamic 
behavior for the vehicle and shows the influence of some suspension properties to the 
vehicle dynamics behavior. Based on DOE analysis the biggest contributors to the 
vehicle dynamics have been resulted as conclusion, indicating the front and rear anti 
roll bars, rear point bush stiffness and a specific hardpoint as the biggest contributors 
(Fernandes and Okano, 2003). 
 
For the investigation of a kinematic suspension model, the model refining procedure 
is illustrated by developing reliable kinematic models verified with laboratory test 
results, instrument test data and a mathematical optimization method. More 
specifically, simple kinematic models are developed for reduced computation times 
using ADAMS. Slowly increasing steer and severe lane change handling tests are 
presented as the verification of the developed full vehicle model (Park et all, 2003). 
 
Sensitivity of suspension system performance to bushing stiffness variation have also 
been studied to illustrates a possible approach to evaluate the influence of the 
bushing stiffness on the suspension elastokinematic performance and than suitable 
stiffness setting strategy were defined according to both the design target and the 
robustness requirement (Caputo et all, 2003). 
 
The ride performance metrics of three different designs of trailer suspension systems 
are compared by means of computational methods by Ledesma (2002). The three 
types of trailer suspension systems that are considered were; 
- 4 spring suspension with multiple-leaf steel springs  
- 4 spring suspension with single-leaf composite springs 
- Parallelogram suspension with air springs. 
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Observing the sprung mass and axle accelerations, spindle force standard deviation, 
sprung mass and wheel hop natural frequencies values; the outcomes of the study 
indicates the single-leaf composite spring offers the best compromise between ride 
isolation performance during random road events and ride performance during 
discrete bump events due to the absence of interleaf friction which will smoothen out 
the ride. For the three trailer suspension systems considered, the air suspension 
system offers the best isolation of the sprung mass from road disturbances during 
normal driving conditions on random road profiles. 
 
Effects of the different driving styles in the maneuver execution of lane change to the 
analysis outcomes have been discussed and a specific procedure for maneuver 
execution was suggested in order to overcome problems of driving style influence 
(Data et all, 2002). And the correlation of the vehicle dynamics results of proving 
ground data with the ADAMS generated simulations have been studied by Vilela 
(2001). It’s resulted that the correlation is considerably good concerning the vehicle 
dynamics so that it indicates the possibility and advantage of using the simulation 
tool to predict the vehicle dynamic behavior prior to the hardware availability with a 
good confidence level. 
 
An algorithm for estimation of vehicle yaw rate and side slip angle using steering 
wheel angle, wheel speed, and lateral acceleration sensors developed and the 
accuracy of the estimation in different lane change simulations was validate by Hac 
and Simpson (2000). A new vehicle suspension control system that enhances vehicle 
stability and handling in fast evasive maneuvers performed close to the limit of 
adhesion was evaluated by Bodie and Hac (2000). The main idea was to use 
continuously variable magnetorheological (MR) dampers to distribute the damping 
forces between front and rear axles in order to bring the vehicle yaw rate as close as 
possible to the desired yaw rate. This mitigates the vehicle oversteer or understeer 
tendencies during quick transient maneuvers. The basic principle of system operation 
was explained using known dynamic properties of MR dampers, vehicles and tires. 
The available control authority and the effect of MR damper settings on vehicle yaw 
response were then evaluated using computer simulations. The results of vehicle tests 
demonstrate the benefits of the proposed control method in terms of improved 
vehicle response and reduced driver steering effort. 
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A study of ride analysis of medium trucks with varying the characteristics of 
suspension design parameters was performed (Le et all, 1997). In this study the 
spring stiffness and damping force of chassis suspension systems were obtained by 
observing the vertical acceleration. The simulation was carried out on various road 
profiles. The pitching motion of the medium size truck was observed to improve the 
ride performance and quality. Conclusion of the study, it was indicating that pitching 
reduction and road resonance frequency effect avoidance can be achieved by 
increasing the front spring rate and decreasing the rear spring rate. 
 
The effects of improving the ride and handling qualities of a passenger car by 
changing its rear suspension mechanism was enquiring the ride and handling 
performance differences between two kinds of rear suspensions. Kazemi (2000) 
worked on the car, originally equipped with a solid rear axle with leaf springs. By 
replacing the original mechanism with a three-link mechanism with panhard bar and 
coil springs, the ride comfort and handling characteristics of the car were noticeably 
improved. Nonlinear ride and handling models were developed and analyzed to 
determine the important kinematics and dynamic effects of the new mechanism on 
vehicle responses. To verify the analytical results, subjective tests were carried out 
on the vehicle. The results of these tests demonstrated remarkable improvement of 
the dynamics behavior of the car. Test and computational analysis results clearly 
show that rear suspension stiffness, installation ratio of lower arms and panhard rod 
location have affects on handling behavior of the vehicle in a significant manner, 
specially body roll. Increasing the spring rate and installation ratio yields higher roll 
stiffness and thus lower body roll. Handling quality of the car with modified rear 
suspension is improved significantly. Similar to this study, the handling and ride 
comfort characteristics during a single lane change maneuver and bump pass are 
investigated in terms of the change of position of the center of gravity, spring 
stiffness, and damping coefficients by Ahn (1998). The handling characteristics 
during a single lane change can be improved by changing the front spring stiffness. 
The changes of the center of gravity position in vertical and longitudinal directions 
have effects on the roll angle and roll rate, while the changes of the damping 
coefficients small influences on the handling characteristics.  
 
The primary objective of this project was to develop a full vehicle ADAMS model of 
a pick-up like commercial vehicle using ADAMS/Chassis tool and to use the 
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computer aided engineering and analysis to understand the vehicle behavior during 
constant radius and lane change maneuvers by changing leaf spring design and the 
effects of bushing stiffness variation to the desired characteristics in the aim of 
adding an aspect to the contribution of rear suspension stiffness and design to the 
vehicle dynamics behavior. 
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2. THEORY AND BACKGROUND 
 
The design and optimization of suspensions has always been a challenging process 
for both test and design engineers. The big amount of parameters implied in the 
geometry and kinematics, the materials with its damping and stiffness, and the effect 
of all the components response with the total vehicle dynamic behavior is a complex 
and delicate issue. Certain suspension layouts present very well known drawbacks 
that the car manufacturer has to face for the right implementation. The optimization 
loop launched once the suspension is defined can be an important time consuming 
task due to the construction of the prototypes and the consequent test work to be 
carried out. The use of simulation in the previous steps of the design and definition 
of the first geometry is a great tool for shortening the entire development time. 
However, the application of such a method is not yet established for all the aspects, 
as the subjective assessment of the car behavior is still a very crucial step for the 
definition and tuning of a new system. 
 
2.1 Vehicle Dynamics 
 
Being one of the most challenging attribute of the vehicle, the computer aided 
analysis and simulation capabilities are growing rapidly for vehicle dynamics. In 
spite of having interactions between the large-scale of systems, the prediction of the 
vehicle dynamic is being conducted in precise way with reasonable confidence. 
 
The work of thesis includes a handling maneuver, which is constant radius turning 
and a transient handling maneuver, lane change. The maneuvers are closed loop 
systems (Figure 2.1). Below in the aim of adding a depth to the work of thesis, 
summary of relevant vehicle dynamics fundamentals are cascaded. 
 
  8 
 
 
 
Figure 2.1: Open-loop, close-loop systems. (Gillespie,1994) 
 
To upgrade to a closed loop vehicle dynamics system from an open loop system, a 
driver model or a simulator should be generated. 
 
Figure 2.2 is showing the top view of 4-wheeled vehicle during turning maneuver 
with turning center and wheel steering angles. 
 
 
 
Figure 2.2: Top view of 4-wheeled vehicle during turning maneuver. 
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During steady state cornering at high speeds there happens always slip due to 
centrifugal acceleration of the mass while the centripetal forces are to keep the 
vehicle on the curved track. In the bicycle model (Figure 2.3) the equations is clearer 
(Gillespie, 1994). 
 
 
 
Figure 2.3: Bicycle model. (Gillespie,1994) 
 
Here the below equations can be cascaded and higlighted for the purpose of adding 
technical background to the vehicle dynamics (Milliken, 2002). 
 
The centripetal force, 
 
Fc=m*R*
2
= m*Vx
2
/R                (2.1) 
 
It has to be balanced by the wheel/road lateral contact forces: 
 
Fyf+Fyr = Fc = m*Vx
2
/R                 (2.2) 
 
and  
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Fyf*b-Fyr*c=0                  (2.3) 
 
Constitutive equations:  
 
Fyf=Cf*f                  (2.4) 
 
and  
 
Fyr=Cr*r                    (2.5) 
 
Compatibility:  
 
tan(f)=b*+Vy x                    
(2.6) 
 
and 
 
tan(r)=(c*-Vy)/Vx                  (2.7) 
 
Eliminating Vy for small angles and using  
 
Vx=R*: f+r=L/R                 (2.8) 
 
Together, eliminate slip angles: 
 
Fyf=(lr/L)*m*Vx
2
/R                 (2.9) 
 
and,  
 
Fyr=(lf/L)*m*Vx
2
/R               (2.10) 
 
Fyf/Cf+Fyr/Cr=L/R              (2.11) 
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Eliminate lateral forces: 
 
 = L/R +[(lr/L)/Cf - (lf/L)/Cr] * m*Vx
2
/R             (2.12) 
 
which also can be expressed as below where Wf and Wr are vertical weight load at 
each axle, respectively. 
 
= L/R + [Wf/Cf - Wr/Cr] *Vx
2
/(g*R)              (2.13) 
 
Wf/Cf - Wr/Cr               (2.14) 
 
is called understeer gradient or coefficient, denoted K or Kus and simplifies to:  
 
 = L/R + K *Vx
2
/(g*R)               (2.15) 
 
A more general definition of understeer gradient: 
 
Kus = ( /  ay) / g  [rad/g]              (2.15) 
 
A two axle vehicle in a low speed turn, we find the steering angle needed to negotiate 
a turn at a given constant radius and the following quantities vary with steering angle 
and longitudinal speed: 
 yaw velocity or yaw rate, i.e. time derivative of heading angle 
 lateral acceleration 
 
For a low speed turn: 
Needed steering angle:  
 
= L / R (not dependent of speed)              (2.16) 
 
Yaw rate:  
 
= Vx / R = Vx * / L               (2.17) 
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Lateral acceleration:  
 
ay = Vx
2
 / R = Vx
2
 * / L (propertianal to speed and steering angle)          (2.18) 
 
Since steering angle is the control input, it is natural to define “gains”, i.e.  
division by yaw rate gain: 
 
=Vx/L                (2.19) 
 
Lateral acceleration gain:  
 
ay/= Vx
2
/L                (2.20) 
 
For a high speed turn: 
 
= L/R + K *Vx
2
/(g*R)               (2.21) 
 
Yaw rate gain: 
 
=(Vx/R=Vx/(L + K *Vx
2
/g)              (2.22) 
 
Lateral acceleration gain:  
 
ay/= (Vx
2
/R) / = Vx
2
/(L + K *Vx
2
/g)             (2.23) 
 
These can be plotted vs Vx, as shown on the Figure 2.4, 2.5 and 2.6. 
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Figure 2.4: Change of steering angle with speed. (Gillespie,1994) 
 
At critical speed vehicle turns in an unstable way, even with zero steering angle. 
 
 
 
Figure 2.5: Yaw velocity gain as function of speed. (Gillespie,1994) 
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Figure 2.6: Lateral acceleration gain as function of speed. (Gillespie, 1994) 
 
Below Figure 2.7 and 2.8 show the sideslip angles for a vehicle both in high speed 
turn and low speed turn. 
 
 
 
Figure 2.7: Side slip angle in a low-speed turn. 
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Figure 2.8: Side slip angle in a high-speed turn. 
 
Sideslip angles indicate the vehicle’s understeer and oversteer characteristics. 
 
2.1.1 Roll Steer 
 
The roll steer effect should be taken into account while discussing the steady state 
cornering characteristics to create better understanding. 
 
Roll steer is the steering motion of the front or rear wheels with respect to the sprung 
mass that is due to the rolling motion of the sprung mass and the interplay with 
suspension kinematics. Since the roll of the sprung mass lags any steering action, the 
roll steer effect on vehicle handling also lags steering input. 
 
Kroll steer = (εf – εr)  ∂φ / ∂ay              (2.24) 
 
A positive roll steer coefficient causes the wheels to steer to the right in a right hand 
roll. Inasmuch as a right hand roll occurs when the vehicle is turning to the left, 
positive roll steer on the front axle steers out of the turn and is understeer. 
Conversely, positive roll steer on rear axle is oversteer. 
 
On solid axles the suspension will allow the axle to roll about an imaginary axis 
which may be inclined with respect to the longitudinal axis of the vehicle. The 
kinematics of the suspension may be envisioned as functionally equivalent to leading 
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or trailing arm systems; and the roll axis inclination is equal to that of arms. Given an 
initial inclination angle on the arms, as the body rolls, the arm on the inside wheel 
rotates downward while the arm on the outside wheel rotates upward as illustradet in 
Figure 2.9. (Gillespie, 1994) 
 
 
 
Figure 2.9: Roll steer with a solid axle. (Gillespie, 1994) 
 
2.1.2 Lateral Force Compliance Steer 
 
With the soft bushings used on the suspension linkages, there is the possibility of 
steer arising from lateral compliance in the suspension. With the simple solid axle, 
compliance steer can be represented as rotation about yaw center as illustrated in 
Figure 2.10. 
 
With a forward yaw center on a rear axle, the compliance allows the axle to steer 
toward the outside of the turn, thus causing oversteer. Conversely, a rearward yaw 
center results in understeer. (Gillespie, 1994) 
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Figure 2.10: Steer due to lateral compliance in the suspensions. (Gillespie, 1994) 
 
2.2 Leaf Springs 
 
Apart from being the main elastic component of the suspension, this element takes 
the role of the longitudinal and lateral guidance of the axle. This solution simplifies 
the number of components of the suspension system, however needs to be carefully 
designed for a proper behavior. Commonly used leaf springs can be seen from the 
Figure 2.11 (Millikan, 2002). 
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Figure 2.11: Commonly used leaf springs. (Ford Internal Document, 2002) 
 
The leaf spring of the suspension was modeled with ADAMS by means of the beam 
elements. These elements create linear translational and rotational forces between 
two locations that define the end points of the beam. The spring subjected to the 
analysis of our project is a parabolic leaf spring type, so the profile of the leaf is 
basically a parabolic curve. 
 
The first step here is to make different attempts of the same leaf spring varying the 
number of the leaves and comparing the results obtained in different tests. 
 
2.2.1 Background 
 
Leaf springs are mainly used on rear suspensions to absorb and release energy 
associated with road inputs. The leaf spring also serves to provide the desired vehicle 
ride height (attitude) under load. Leaf springs are used almost entirely on Hotchkiss 
rear suspensions in Light Truck applications. 
 
As shown in Figure 2.12, the Hotchkiss suspension consists of a solid axle mounted 
on semi-elliptical single or multi-leaf springs. The rear of the leaf spring is attached 
to the frame by a spring shackle. Shock absorbers are used for additional damping. In 
addition to providing means for load carrying, the leaf spring also controls rear axle 
windup effects, isolates road and powertrain noise (see Figure 2.13). Leaf spring 
geometry provides desired oversteer / understeer requirements for rear suspension.  
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Figure 2.12: Hotchkiss rear suspension with underslung leaf spring. (Ford Internal 
Document, 2002) 
 
 
 
Figure 2.13: Windup effects on leaf springs. (Ford Internal Document, 2002) 
 
As used in the Hotchkiss arrangement, the leaf spring is extremely efficient from 
performance standpoint. It furnishes springing, it supplies all the roll resistance 
required by the rear suspension, it transmits driving and braking forces to the chassis, 
it furnishes damping in the form of interleaf friction which can be effective in all 
modes of vibration, it resists lateral shifting of the sprung mass, it provides an arc of 
travel for the rear axle which determines the level of vehicle roll understeer. 
 
However, the Hotchkiss suspension design itself has a significant drawback in that it 
shows an inherent flexibility that tends to produce: 
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 Parallel hop - a vertical motion of both wheels together. 
 Fore and aft shift - both wheels moving along the longitudinal axis. 
 Lateral shift or side shake. 
 Yaw - rotation around an axis vertical to the axle. 
 Tramp - rotation about a longitudinal axis. 
 Windup - rotation about the lateral axis. 
 Limited anti-dive / anti-lift. 
 
This flexibility must be taken into account when designing a leaf spring. 
 
The Hotchkiss rear suspension is advantageous in that it requires simple 
manufacturing and assembling. 
 
2.2.1.1 Single Stage / Multi-Leaf Constant Thickness Spring 
 
Figure 2.14 below shows an example of a single stage / multi-leaf spring. On the 
actual spring, all of the leaves will follow the camber arc. The spring has two 
alignment clips, berlin eyes, tapered leaf ends and tip liners. It is commonly used on 
compact pick-ups. 
 
 
Figure 2.14: Single stage / Multi-leaf spring. (Ford Internal Document, 2002) 
 
2.2.1.2 Two Stage Multi-Leaf Spring 
 
Figure 2.15 below shows an example of a two stage multi-leaf spring. This spring 
has two alignment clips, berlin eyes, tapered auxiliary leaf ends, and tip liners.  
Typically, two to three leaves are used for the first stage. The second stage is made 
up of a single tapered section leaf. It is used on driven axles to provide virtually 
constant ride quality at varying loads. It is commonly used on full size pick-ups. 
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Figure 2.15: Two stage multi-leaf spring. (Ford Internal Document, 2002) 
 
2.2.1.3 Single Stage Single-Leaf Spring 
 
 Mostly used with non-driven axles 
 Least costly and lowest weight 
 Typically requires high stiffness (high rate) to resist wind-up in a driven axle 
application 
 Lack interleaf frictional damping 
 
See the Figure 2.16 and 2.17 for single stage single-leaf springs. 
 
 
 
Figure 2.16: Single stage single-leaf springs. (Ford Internal Document, 2002) 
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Figure 2.17: Single stage single-leaf springs layout. (Ford Internal Document, 2002) 
 
2.2.1.4 Single Stage Multi-Leaf Tapered (Parabolic Section) Spring (Figure 
2.18) 
 
 When a leaf has a parabolic section, it provides uniform stress along the length of 
the spring. 
 Reduces weight 
 Easier to package 
 
 
 
Figure 2.18: Single Stage Multi-Leaf Tapered (Parabolic Section) Spring. (Ford 
Internal Document, 2002) 
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Two Stage Parabolic: 
 Same as above, but with 2nd stage 
 Reduces weight 
 
Three Stage (Two Stage Conventional with Helper) (Figure 2.19): 
 Requires a lot of vertical package space 
 Has to be overslung design. 
 
 
 
Figure 2.19: Three stage leaf spring. (Ford Internal Document, 2002) 
 
2.2.2 Terminology Used With Leaf Springs 
 
The following are a few standard leaf spring terms recommended for use in leaf 
spring design to avoid misunderstandings. These terms mainly apply to semi-elliptic 
springs. 
 
2.2.2.1 Datum Line 
 
Most of the dimensions defined here refer to a Datum line. The datum line is a line 
that passes through the centers of the eyes as shown below. (Figure 2.20) 
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Figure 2.20: Standard leaf spring layout. (Ford Internal Document, 2002) 
 
2.2.2.2 Leaf Numbers 
 
Leaves are designated by numbers, starting with the main leaf which is No. 1 (Figure 
2.20).  The adjoining leaf is No. 2, and so on. If auxiliary or rebound leaves are used, 
the auxiliary adjoining the main leaf is auxiliary leaf No. 1, the next on auxiliary No. 
2, and so on. 
 
2.2.2.3 Loaded Length  
 
The distance between spring eye centers when the spring is deflected to the specified 
load position. (Figure 2.21) 
 
 
 
Figure 2.21: Loaded length on a leaf spring. (Ford Internal Document, 2002) 
 
2.2.2.4 Straight Length 
 
The distance between spring eye centers when the main leaf is flat. 
 
2.2.2.5 Normal load Opening  
 
The distance, positive or negative, from the datum line to the point on the main leaf 
where the center bolt axis intersects the tension side (for underslung springs). 
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2.2.2.6 Overall Height  
 
On overslung springs where the shortest leaf is in contact with the spring seat, the 
distance between the datum line and the point on the shortest leaf where the center 
bolt axis intersects the compression side is called the overall height. (Figure 2.20) 
 
2.2.2.7 Clamped (Inactive) Length 
 
The length of the spring rendered inactive by the clamp located on the side opposite 
the spring seat is called the clamped length.  This length is usually assumed to be 
equal to the distance between the insides of the U-bolts.  It is always less than the 
length in physical engagement with the clamp. 
 
2.2.2.8 Seat Length 
 
Length of spring that is in physical engagement with the spring seat when installed 
on a vehicle at design height is called the seat length.  It is always greater than the 
clamp length. (Figure 2.22) 
 
2.2.2.9 Seat Angle 
 
The seat angle is the angle between the tangent to the center of the spring seat and a 
line drawn through the terminal points of the active spring length at each eye, taken 
along the tension surface of the main leaf. (Figure 2.22) 
 
2.2.2.10 Free Camber 
 
The arc height of the main leaf when the spring is unloaded is called the free camber. 
 
2.2.2.11 Cant Angle  
 
The angle between the horizontal and the spring datum line when the spring is flat is 
called the cant angle. 
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Figure 2.22: Seat angle and seat length on a leaf spring layout. (Ford Internal 
Document, 2002) 
 
2.2.2.12 Normal Load 
 
The design static load carried by the springs at a specified opening or overall height 
is called the normal load. 
 
2.2.2.13 Clamped and Shackled Rate 
 
The rate of the spring when tested, clamped and shackled (Installed is called the 
clamped and shackled rate). 
 
2.2.2.14 Nominal Spring Rate 
 
The rate of the spring when unclamped on rollers (uninstalled) is called the nominal 
spring rate. 
 
2.2.2.15 Curvature 
 
The reciprocal of the radius is called the curvature. 
 
2.2.2.16 Free Leaf Radii 
 
The radii of the unassembled leaves of a spring are called the free leaf radii. 
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2.2.2.17 Leaf Step (Overhang) 
 
The distance from the center of pressure of one leaf to that of the next shorter leaf or 
clamp is called the leaf step. 
 
2.2.3 Packaging Considerations 
 
2.2.3.1 Underslung or Overslung spring (Table 2.1) 
 
Table 2.1: Underslung and overslung springs comparison table. 
 
 
Overslung Arrangement 
 
 Spring on top of axle; inclined (in 
side view) forward to provide 
understeer around flat & - camber 
position. Amount of inclination 
limited by driveline requirements. 
 
 Usually equipped with tension 
shackle having 90 to 100 to flat 
main leaf. Offers moderate 
progressivity over 90. 
 Frame rail spacing reduced to 
accommodate spring package 
between wheel and rail. 
 Center rail section high, to minimize 
spring hanger length and pickup box 
spacer height. 
 
 Rail kick-up is usually moderate due 
to the high center section. 
 Spring and shackle brackets are 
cantilevered off the rail web; are 
 
Underslung Arrangement 
 
 Spring below axle; slightly inclined 
forward to provide under steer 
around flat & - camber position.  
Amount of inclination limited by 
hanger bracket to ground clearance 
and driveline requirements. 
 Compression shackle usually with 
60 to flat main leaf. Offers 
substantial progressivity. 
 
 Rail spacing as large as required; 
spring is usually packaged under the 
rail. 
 Center rail section low, to minimize 
spring hanger bracket length.  
Requires high pickup box sills or 
spacers. 
 Rail kick-up over axle is substantial 
due to the low center section. 
 Spring hanger bracket may be a 
simple stamping; shackle bracket 
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complex stampings. 
 
 Ground clearances to all suspension 
and frame components are 
substantial. 
may be omitted by direct web 
mounting. 
 Ground clearances to spring and 
hanger bracket are minimal. 
 
2.2.3.2 Spring Lengths 
 
Spring length is overall function of package space, load to be carried and allowable 
stress. Shorter springs require more leaves to meet the allowable stress limits. 
• The maximum permissible leaf thickness for a given deflection is proportional to 
the square of the spring length. 
This means that if only a shorter length is permissible for the leaf spring, the 
number of leaves will have to go up.  Such an option is desirable only where the 
shortening of the spring leads to definite savings in the supporting structure. 
• In most installations, the spring is also subject to wind-up loads. A typical 
example is that of a suspension spring (in a vehicle with Hotchkiss drive), which 
must withstand both acceleration and braking torque. 
 
The stresses under such loads are inversely proportional to the spring length. 
 
The wind-up stiffness is proportional to the square of the length for the spring of a 
given load and rate. 
 
2.2.3.3 Divided Length - Rear Wheel Drive Vehicles 
 
There are two external factors, which affect spring, divided length windup 
acceleration and brake windup. On a driven axle, the largest factor is windup due to 
acceleration. Therefore, the axle is mounted off center on the leaf spring such that a 
portion of the leaf in front of the axle is shorter than the rear portion. Common 
spacing used by Light Truck is 45% front, 55% rear. This stiffens the front cantilever 
to have a traction bar effect, minimizing wheel hop, axle tramp and roll steer.  
 
2.2.3.4 Plan View Angle of Leaf Springs 
 
Most suspensions have their leaf springs parallel to each other, this yields a neutral 
axle steer due to lateral compliance. As an aid to packaging, the leaf springs are 
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splayed. If the springs are splayed towards the rear, lateral compliance oversteer 
results. In certain conditions a small amount of oversteer may be acceptable or it may 
be compensated for by roll understeer thus allowing an acceptable package. 
 
2.2.3.5 Free Spring Installation 
 
Shackle configuration, location of hanger brackets, and spring length shall be such 
that the free spring can be installed without compressing or stretching the spring. 
 
2.2.4 Leaf Ends - Type of Tapers 
 
2.2.4.1 Tapered End 
 
This end can be formed to approximate very closely the ideal uniform stress shape. 
The plan view contour is controlled by trimming or edge squeezing as part of the 
tapering operation. Due to the flexibility of the leaf end, the pressure distribution in 
the bearing area is improved and interleaf friction is generally reduced. Tapered ends 
are recommended for this reason. (Figure 2.23) 
 
 
 
Figure 2.23: End tapered. 
  
2.2.4.2 Diamond Point (Spear End) 
 
This end makes a better approximation of the uniform stress spring than the square 
end by omitting excess material. The pressure distribution between leaves is slightly 
improved. Typically used on heavy truck applications. (Figure 2.24) 
 
 
 
  30 
 
 
 
Figure 2.24: End trimmed with diamond point. 
  
2.2.4.3 Square End (Blunt End) 
 
This is the cheapest end to produce but is often unsatisfactory.  It causes 
concentration of interleaf pressure, resulting in more friction and galling than tapered 
ends.  It is also heavier. (Figure 2.25) 
  
 
  
Figure 2.25: End square as sheared. 
  
2.2.4.4 Tapered and Trimmed End 
 
This end is similar to the tapered end, except that the plan view contour is controlled 
by trimming after the tapering operation, and thus has the added advantage of the 
maximum obtainable area of contact. (Figure 2.26) 
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Figure 2.26: End tapered than trimmed. 
 
2.2.5 Types of Spring Eyes (Table 2.2) 
 
Table 2.2: Types of spring eyes. 
 
Eye type Picture Selection criteria 
 
Berlin eye 
 
This is the recommended eye.  
Longitudinal loads are applied 
centrally to the main leaf, thereby 
reducing the tendency of the eye 
to unwrap.  Other eyes are used 
mainly due to packaging issues. 
Upturned 
eye 
 
This is most commonly used. If 
required, the second leaf may be 
extended to give support to the 
eye. 
Downturned 
eye 
 
This is sometimes used because it 
produces a desired spring 
geometry, which may improve 
steering, or axis control. If 
support to the eye by the second 
leaf is required, this type of eye is 
not recommended. 
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Oval eye 
 
This type of eye permits the use 
of rubber bushings, which have 
different rates in horizontal and 
vertical directions. This type of 
eye is intended to reduce the 
magnitude of horizontal force 
inputs in suspension applications. 
Military 
wrapper 
 
The second leaf wrapper may 
come into action on rebound and 
assist the main leaf. It also 
provides emergency support if 
the main leaf breaks. 
Berlin eye 
with military 
wrapper 
 
Provides the advantages of both 
berlin eye and military wrapper 
construction. 
Plain end 
mounting 
 
This can be used for a flat leaf on 
a curved spring pad or for a 
curved leaf on either a flat or a 
curved spring pad. 
 
2.2.6 Spring Eye Bushings 
 
On driven axles, there normally is a bushing at each end. Mostly larger diameter 
bushings are in the front rather than the rear because: 
 
 There are higher loads in the front eye. 
 The front eye contributes more to harshness in ride. 
 
Types of the most frequently used spring eye bushing types are as below. 
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2.2.6.1 Silent Block Bushing 
 
Single piece bushing consisting of steel outer shell and inner sleeve with rubber 
molded in between. Able to carry higher loads with extended durability life. (Figure 
2.27) 
 
 
 
Figure 2.27: Silent block bushing. (Ford Internal Document, 2003) 
 
2.2.6.2 Three Piece Bushing 
 
This bushing consists of two rubber end pieces and a steel inner sleeve. This is the 
least expensive of all bushings. It is somewhat limited on its ability to carry loads 
and durability life. (Figure 2.28) 
 
 
 
Figure 2.28: Three piece bushing. (Ford Internal Document, 2003) 
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2.2.6.3 One Piece Bushing 
 
Rubber bushing molded onto a steel inner sleeve. Able to carry higher loads with 
extended durability life versus three piece bushing. (Figure 2.29) 
 
 
 
Figure 2.29: One piece bushing. (Ford Internal Document, 2003) 
 
2.2.6.4 Silent Block Bushing with Voids 
 
Construction is similar to silent block bushings except slits (voids) are molded into 
the rubber. The slit directions have a lower rate, which translates into reduced 
harshness. A spring compressor is required to set the rear ride heights at a value close 
to curb and torque the spring joints. This is done to insure that the slits remain open. 
(Figure 2.30) 
 
 
 
Figure 2.30: Silent block bushing with voids. (Ford Internal Document, 2003) 
 
2.2.6.5 Oval Silent Block Bushing 
 
Construction is standard silent block except the side view is elliptical versus circular. 
This allows a greater amount of rubber to be placed in one direction (vehicle 
longitudinal) for reduced harshness. This requires increased package space versus a 
standard circular bushing and increased cost. (Figure 2.31) 
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Figure 2.31: Oval silent block bushing. (Ford Internal Document, 2003) 
 
2.2.6.6 Solid Bushing 
 
Normally brass, used for high loads. 
 
2.2.7 Shackles  
 
When a leaf spring is installed on a vehicle, its rate may be entirely different from 
that found with the spring mounted on rollers. Knowledge of these installation effects 
reduces the amount of experimental testing required to obtain the desired installed 
rates. 
 
Generally, installation of leaf springs is achieved with a rear shackle and fixed front 
eye busing. Such use of shackled installation affects spring operation in two ways. 
As the spring deflects, the length of its chord changes. The shackle will, therefore 
swing and change its angle. Because of the angle change, the shackle may lift or drop 
the end of the spring and with it the point of load application. This is one effect. 
When the shackle is not perpendicular to the spring, the shackle force will have a 
longitudinal component, compressing or stretching the spring between the eyes. 
Compression will decrease the rate of a spring at a negative opening and increase it 
at a positive opening while stretching will increase it at a negative opening and 
decrease it at a positive opening. This is the second effect. 
 
The direction of the first and second shackle effect changes when the shackle angle is 
90 degrees. The direction of the second effect also changes when the spring passes 
through the flat position (zero opening). The amount of shackle effect depends on the 
load, which the spring supports, rather than on the rate of the spring. The rate of an 
installed spring with shackle may easily be 50% higher or lower than the nominal 
rate. 
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The rate of a spring with one shackle and one fixed eye depends on the nominal rate 
of the spring (rate on rollers when spring is held flat in its center clamp), the position 
of the shackle, the length of the shackle, the camber of the spring, and the load on the 
spring.  
 
The type of shackle used, whether it is a tension or compression shackle, affects the 
rate characteristics of the installed spring. With compression shackles (Figure 2.32), 
the load rate approaches zero at high geometric deflection (or loads). To obtain the 
increase of rate with load, which is generally desirable, springs with compression 
shackles should be used with negative geometric deflection (positive camber), at 
light static loads.  In general, this type requires the use of stronger bumpers or helper 
springs. 
 
 
 
Figure 2.32: Example of compression shackle - the load on the spring induces a 
compressive force on a compression shackle. (Ford Internal Document, 2003) 
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Figure 2.33: Example of tension shackle - the load on the spring induces a tensile 
force on a tension shackle. (Ford Internal Document, 2003) 
 
With tension shackles (Figure 2.33), the rate curves all rise sharply with higher 
geometric defections (or loads), which is desirable. The minimum rate occurs 
between zero and 5% L (percentage of spring length) geometric deflection, 
depending on the geometric force camber and shackle setting. This indicates that 
springs with relatively high static deflection should stand near zero geometric 
deflection under light static loads, while springs with relatively low static deflection 
should stand with positive geometric deflection (negative camber or downturned 
eyes) under light static loads. 
 
Shackle length and shackle angle should also be considered in leaf spring design.  In 
general, shackle effects are more pronounced with shorter shackles. Most shackle 
applications utilize shackles between 5% and 10% L. 
 
The danger exists that a shackle may swing over from a compression position into a 
tension position; this is especially likely to happen on compression shackles with 
large minimum angles. In such a case, it is necessary to provide either a rebound stop 
for the spring itself or for the shackle. 
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3. VEHICLE MODEL 
 
3.1 The ADAMS/Chassis Coordinate System 
 
The ADAMS/Chassis coordinate system for vehicle dynamics follows. 
Positive X goes from the front of the vehicle to the rear 
Positive Y goes from centerline of vehicle to right. 
Positive Z goes up 
The origin is located some place in front of the vehicle with the Y=0 as the centerline 
and the Z=0 is someplace below the vehicle. Due to varying wheel and tire sizes Z=0 
does not correspond with the ground patch for a particular tire. The result of 
choosing Z=0 to be below the vehicle is that one will not have negative Z values 
when describing the vehicle geometry. (Figure 3.1) 
  
 
 
Figure 3.1: Three dimensional reference system. 
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3.2 Building The Model Vehicle 
 
The model vehicle was intended to be a rear wheel driven pick up like commercial 
vehicle on dual rear wheels with a rear suspension and solid axle. Below the model 
properties are cascaded in details and the model screenshots have been pasted from 
the program ADAMS for clarification purpose. (Figure 3.2 and 3.3) 
 
 
 
Figure 3.2: Model vehicle in ADAMS/Chassis, solid view. 
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Figure 3.3: Model vehicle in ADAMS/Chassis. 
 
The template vehicle pickup was set as the baseline in varying intended components 
during the thesis but the rear suspension have been modified using ADAMS Leaf 
spring preprocessor and loaded into the ADAMS/Chassis via VISEDIT tool. 
 
In the origination phase of ADAMS model, which have been passed on this thesis, 
the following key data should be made available to build the model. 
 Hardpoint geometry of the vehicle 
 Mass of each component 
 Center of Gravity of the vehicle 
 Ride Height of the vehicle 
 Mounting points 
 Alignment specifications – Toe, camber and caster angles 
 Damping and stiffness ratios of each flexible parts 
 Tire size and properties 
 
The base model vehicle created in ADAMS/Chassis consists of; 
 51 degrees of freedom 
 46 Moving Parts (not including ground) 
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 16 Revolute Joints 
 8 Spherical Joints 
 7 Translational Joints 
 1 Universal Joints 
 7 Fixed Joints 
 5 Hooke Joints 
 1 Inline Primitive Joint 
 7 Perpendicular Primitive Joints 
 9 Motions 
 2 Couplers 
 
(See Figure 3.4 and Figure 3.5) 
 
 
 
 
Figure 3.4: Model vehicle with contacts, motions and joints in ADAMS/View. 
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Figure 3.5: Model vehicle rear suspension details with contacts, motions and joints 
in ADAMS/View. 
 
3.3 Modifying the Model 
 
As a first step, with the purpose of creating an understanding to the vehicle behavior 
in dynamics point of view, the leaf springs used on rear suspensions, to absorb and 
release energy associated with road inputs, have been modified by fitting additional 
leaves. Being running the two scenarios, constant radius and lane change stability, 
the effect to the appropriate characteristics have been observed and discussed. 
 
As mentioned, to implement the leaf spring into the ADAMS/Chassis model, the 
Leaf Spring Preprocessor needs to be run firstly. The Leaf Spring Preprocessor 
generates a file, which contains the beam elements, parts, markers, and so on, needed 
to define the leaf spring in the model. 
 
A beam element leaf spring model is a series of small parts connected by beams. 
ADAMS/Chassis provides a Leaf Spring Preprocessor in which you can efficiently 
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prepare the beam element leaf springs. Preprocessor was run whenever the leaf 
properties have changed. 
 
3.3.1 Steps for Working with Beam Element Leaf Spring Models 
 
 
3.3.1.1 Gather Data 
 
Gather the leaf spring geometry in the free position. 
Gather the mass of the shackle. 
Gather the bushing rates of the three leaf spring bushings. 
Gather the height of the leaf spring leaf pack at design load. 
 
3.3.1.2 Enter Data 
 
Run Leaf Preprocessor to exercise leaf model to design position. 
ADAMS/Chassis creates a leaf file. It contains parts, markers, beams, and so on, that 
define the leaf spring. 
Turn off the 3-link leaf spring and turn on the beam element leaf spring. 
 
3.3.1.3 Generate Model 
 
Enter data in the leaf spring file. 
 
3.3.2 Modeling and Modifying Leaf Spring 
 
Leaf spring tool, built in ADAMS/Chassis, is allowing users to re-build the system 
and modify many parameters on the springs as indicating below: 
 
 Number of Leaves: indicates the total number of leaves the spring model consists 
of.  
 Frictional Coefficient: The frictional coefficient specified pertains to leaf-to-leaf 
friction. 
 Leaf Spring Mounting: This parameter indicates where the leaf spring being 
described will be mounted in the vehicle. 
 Fitting Algorithm:  To indicate if the fitting is 2nd-order polynomial fitting of the 
leaf profile or 3rd-order polynomial fit. 
 Number of Contact Points: These fields define the number of contact points to be 
created for the front and rear, respectively, for this leaf and the leaf directly above 
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it. These contacts are used to keep the leaves from passing through each other as 
they deflect, in effect modeling the physical contact of the top of the current leaf 
with the bottom surface of the leaf above it. 
 Number of Elements of Leaves: The leaf being defined broken up into discrete 
sections, each of which was modeled using an ADAMS beam element. These two 
parameters define how many beam elements should be used in discretizing the 
front and rear sections of the leaf, respectively. 
 Shackle Geometry and Mass 
 Shackle Location and Position 
 Front and Rear Eyehook Diameters and Shape 
 All Bushing Spring and Damping Rates 
 Material Properties: Emod - Defines Young's modulus of elasticity for the 
material from which the leaf being defined is constructed. 
 Material Properties: Gmod - Defines the shear modulus of elasticity for the 
material from which the leaf being defined is constructed. 
 Material Properties: Density - Defines the density of the material from which the 
leaf being defined is constructed. 
 Material Properties: Damping - Specifies the ratio for calculating the structural 
damping matrix for the beam. 
 
Generating the leaf spring models the available leaf spring sample built in 
ADAMS/Leaf Spring Preprocessor have been taken as a master with the below 
highlighted properties. Below the values are cascaded for the each leaves as property 
screenshots. (Figure 3.6, 3.7 and 3.8) 
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Figure 3.6: Properties of the 1
st
 leaf in rear suspension assembly. 
 
 
 
Figure 3.7: Properties of the 2
nd
 leaf in rear suspension assembly. 
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Figure 3.8: Properties of the 3
rd
 leaf in rear suspension assembly. 
 
In the model created for the thesis, being completed the generation phase of the leaf 
spring model, the number of leaves have been varied decreasing from 3 to 2 and than 
to 1, and loaded into the ADAMS/Chassis module in different events. All the events 
have been built as entirely same but the number of leaves. The screenshots of the rear 
suspension zoomed display of the model vehicle with different number of leaves can 
be seen below. (Figure 3.9, 3.10 and 3.11) 
 
After completing the leaf spring preprocessor runs, the generated models have been 
loaded into the master model requiring the composed property files. VISEDIT tool 
have been used to accomplish integration of spring components. 
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Figure 3.9: Rear suspension assembly with 3 leaves. 
 
 
 
Figure 3.10: Rear suspension assembly with 2 leaves. 
 
 
 
Figure 3.11: Rear suspension assembly with 1 leaf. 
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4. ANALYSIS AND RESULTS 
 
4.1 Analyzing Effects of Leaf Spring Design Changes 
 
The model that created used to examine the effect of leaf spring design changes by 
running constant radius and lane change stability maneuvers. First, the leaf spring 
with 3 leaves has been generated, and then the analysis run and compared with the 
results of analysis with the next analysis to see the effect of the different leaf 
amounts. For every design change a constant radius simulation and 4 sets of lane 
change simulation, from 60 km/h to 120 km/h with 30km/h increments, have been 
run. 
 
4.1.2 Constant Radius Simulation 
 
Vehicle Dynamics CAE Standard Test Procedures for Constant Radius: The constant 
radius test is the primary method by which vehicle understeer / oversteer (US/OS) 
characteristics are measured. In the physical test, the driver maintains a steady speed 
and steering wheel angle around a constant radius circle (usually 200' radius) in order 
to attain a specified lateral acceleration level. The driver will conduct a series of runs 
with lateral acceleration levels ranging from 0.1 g's to the maximum lateral 
acceleration that the vehicle can handle at increments of 0.05 g's.  
 
In the ADAMS simulation the maximum lateral acceleration have been specified and 
the number of output steps. (Increment = max lateral acceleration / number of steps.) 
A written subroutine performed the constant radius test. (See Figure 4.1 and 4.2) 
Each time step in the output file incremented with lateral acceleration.  
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The configuration used for the run is as below:  
 Turn Radius: 30 m  
 Final Lateral acceleration: 0.4 g  
 Number of Simulation Steps: 20 
 
 
 
Figure 4.1: The constant radius test run on the ADAMS/Postprocessor. 
 
 
 
Figure 4.2: The constant radius test simulation on the ADAMS/Postprocessor. 
 
Being running the constant radius simulations, the computer was forced to solve the 
below statistical models. 
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Model run with 3 leaves: 
 Total Degree of Freedom: 546 
 Jacobian Matrix Statistics: 
 Number of Equations for Displacement Initial Condition Analysis: 978 
 Number of Equations for Quasi-static Analysis: 3244 
 Iterations conducted: 109 
 
Model run with 2 leaves: 
 Total Degree of Freedom: 402 
Jacobian Matrix Statistics: 
 Number of Equations for Displacement Initial Condition Analysis: 834 
 Number of Equations for Quasi-static Analysis: 2620 
 Iterations conducted: 110 
 
Model run with single leaf: 
 Total Degree of Freedom: 258 
Jacobian Matrix Statistics: 
 Number of Equations for Displacement Initial Condition Analysis: 690 
 Number of Equations for Quasi-static Analysis: 1996 
 Iterations conducted: 110 
 
4.1.2.1 Initial Conditions for Constant Radius Simulation (Table 4.1) 
 
Table 4.1: Initial conditions of the varied vehicles for constant radius simulation. 
 
 
Vehicle with 
1 Leaf 
Vehicle with 
2 Leaves 
Vehicle with 
3 Leaves 
Left Front Tire Load [N] 5470.63 5648.08 5644.84 
Right Front Tire Load [N] 5499.70 5389.15 5412.61 
Left Rear Tire Load [N] 5024.05 4933.35 4968.94 
Right Rear Tire Load [N] 4015.37 4130.71 4144.75 
Front Axle Load [N] 10970.33 11037.23 11057.45 
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Rear Axle Load [N] 9039.42 9064.06 9113.69 
Total Vehicle Weight [N] 20009.75 20101.29 20171.14 
Weight Distribution [%Front] 54.82 54.91 54.82 
Initial Vehicle Velocity [kph] 0.00 0.00 0.00 
Initial radius of turn [mm] 31094.45 31161.30 31340.50 
 
4.1.2.2 Analysis Results 
 
Front/Rear Slip Angles vs. Lateral Acceleration (Figure 4.3) 
 
 
 
Figure 4.3: Front/rear slip angles vs. lateral acceleration. 
 
So; 
αf > αr , means both vehicles are US. 
αr1< αr2< αr3 , means vehicle with single leaf is more US. More the softer rear 
suspension, more US intetion. 
Non-Linear change of slip angles is a proof to non-linear processing.  
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Vehicle Sideslip Angle vs. Lateral Acceleration (Figure 4.4) 
 
 
 
Figure 4.4: Vehicle sideslip angle vs. lateral acceleration. 
 
More sideslip angles, more the US tendency. 
 
Steering Wheel Angle vs. Lateral Acceleration (Figure 4.5) 
 
 
 
Figure 4.5: Steering wheel angle vs. lateral acceleration. 
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Linear Performance Gains (Table 4.2) 
 
Table 4.2: Linear performance gains for constant radius simulations. 
 
 
Vehicle 
with 
1 Leaf 
Vehicle 
with 
2 Leaves 
Vehicle 
with 
3 Leaves 
Understeer Gradient [deg/g] 4.707 3.480 2.889 
Slip Angle Understeer Gradient 
[deg/g] 
0.119 0.161 0.170 
Roll Gradient [deg/g] 8.727 8.469 7.938 
Body-on-Chassis Roll Gradient [deg/g] 7.971 7.702 7.174 
Sideslip Gradient [deg/g] 0.813 1.980 2.560 
Steering Sensitivity [g/100 deg SWA] 1.124 1.530 1.848 
Lateral Load Transfer Dist. [% Front] 69.299 66.223 62.611 
Roll Couple Distribution 1.925 1.815 1.546 
Front Cornering Compliance  [deg/g] 5.475 5.408 5.394 
Rear Cornering Compliance [deg/g] 0.842 1.993 2.570 
Linear Understeer Range [g] 0.000 0.000 0.000 
Total Understeer [deg/g] 4.54 3.38 2.79 
 
4.1.3 Lane Change Simulation 
 
 
Vehicle Dynamics CAE Standard Test Procedures: The lane change simulation is 
used to evaluate ease of control and stability of a vehicle in a single lane change 
maneuver. The physical test is conducted by setting up a pylon course with 10 foot 
wide lanes. (Figure 4.6) Two cones are placed at the entrance and two cones are 
placed at the exit. The vehicle drives in a straight line through the entrance cones, 
changes into the adjacent lane, and then drives straight through the exit cones. The 
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throttle is controlled by the driver to maintain constant speed during the event. This 
test can be run at any speed and any lateral acceleration level, but the lateral 
acceleration should be kept below a level where the car is sliding around.  
 
In this work of thesis, lane change simulation with path correction have been 
performed with the below configurations. (Figure 4.7, 4.8 and 4.9) 
 
Vehicle Velocity: 60 km/h, 90 km/h, 120 km/h, 
Final Lateral Acceleration: 0,35 g 
 
 
. 
Figure 4.6: Lane change maneuver procedure – ISO 3888. 
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Figure 4.7: The lane change test simulation on the ADAMS/Postprocessor. 
 
 
 
Figure 4.8: The lane change test simulation on the ADAMS/Postprocessor. 
 
 
 
Figure 4.9: The lane change test simulation on the ADAMS/Postprocessor. 
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The default configuration has been set for the vehicle with two leaves. First, to see 
the vehicle behavior change with speed, this configuration run in different conditions 
meaning at 60 km/h, 90km/h and 120km/h. Than the other configurations have been 
run in different speeds. (Figure 4.10) 
 
 
 
Figure 4.10: Default vehicle configuration set as 2 leaves at 90km/h. 
 
Model run with 3 leaves cannot be executed due to the insufficient personal 
computer capabilities. 
 
Model run with 2 leaves: 
 Total Degree of Freedom: 407 
Jacobian Matrix Statistics: 
 Number of Equations for Displacement Initial Condition Analysis: 829 
 Number of Equations for Velocity Initial Condition Analysis: 829 
 Number of Equations for Acceleration Initial Condition Analysis: 1719 
 Number of Equations for Dynamic Analysis: 2646 
 Iterations conducted: 848 
 
Model run with 1 leaf: 
 Total Degree of Freedom: 263 
Jacobian Matrix Statistics: 
 Number of Equations for Displacement Initial Condition Analysis: 685 
 Number of Equations for Velocity Initial Condition Analysis: 685 
 Number of Equations for Acceleration Initial Condition Analysis: 1311 
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 Number of Equations for Dynamic Analysis: 2022 
 Iterations conducted: 876 
 
 
4.1.3.1 Initial Conditions for Lane Change Simulation (Table 4.3) 
 
Table 4.3: Initial conditions of the varied vehicles for lane change simulations. 
 
 Vehicle with 1 Leaf Vehicle with 2 Leaves 
Left  Front Tire Load [N] 5681.67 5542.05 
Right Front Tire Load [N] 5358.12 5429.24 
Left  Rear  Tire Load [N] 4906.28 4971.60 
Right Rear  Tire Load [N] 4155.22 4066.87 
Front Axle Load [N]      11039.79 10971.29 
Rear  Axle Load [N]         9061.50 9038.47 
Total Vehicle Weight [N]   20101.29 20009.76 
Weight Distribution [% Front]  54.92 54.83 
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4.1.3.2 Analysis Results 
 
Lateral Acceleration and Yaw Rate vs. Time on Default Configuration (Figure 
4.11 and Figure 4.12) 
 
 
 
 
Figure 4.11: Lateral acceleration ( Ay [g] ) vs. time. 
 
 
Figure 4.12: Yaw rate vs. time. 
 
Ay is increasing with speed. 
Self centering time is relatively shorter on high speeds. 
Yaw rate, and so body roll is higher on high seeds. 
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Lateral Acceleration vs. Time on Varying Speeds (Figure 4.13, 4.14 and 4.15) 
 
 
 
Figure 4.13: Lateral acceleration vs. time at 60 km/h. 
 
 
 
Figure 4.14: Lateral acceleration vs. time at 90 km/h. 
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Figure 4.15: Lateral acceleration vs. time at 120 km/h. 
 
Ay is higher on vehicle with single leaf. 
Worst case for unstability is lower rear suspension stiffness on high speeds.  
 
Yaw Rate vs. Time on Varying Speeds (Figure 4.16, 4.17 and 4.18) 
 
 
 
Figure 4.16: Yaw rate vs. time at 60 km/h. 
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Figure 4.17: Yaw rate vs. time at 90 km/h. 
 
 
 
Figure 4.18: Yaw rate vs. time at 120 km/h. 
 
Yaw rate is not considerably affected from the change. 
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4.2 Investigation of the Effectes of Bushing Stiffness 
 
To assess the affect of the bushing stiffness rate to the vehicle dynamics behaviours, 
all the below cascaded stiffness ratios have been decreased 50%, than the constant 
radius simulations run again. The default configuration selected for this test was the 
vehicle having single leaf, so the effect of leaf to leaf interaction have been 
eliminated. 
 
 Front Leaf Eye Bushing Radial (Translational) and Conical (Rotational) Spring 
Rates. 
 Leaf Spring to Shackle Bushing Radial (Translational) and Conical (Rotational) 
Spring Rates. 
 Shackle to Frame Bushing Radial (Translational) and Conical (Rotational) Spring 
Rates. 
 
(See Figure 4.19) 
 
 
 
Figure 4.19: An example sketch to rear suspension bushes. 
 
New rear suspension with the modified spring and shackle bushing rates have been 
uploaded to the ADAMS/Chassis from Leaf Spring Preprocessor using VISEDIT 
tool. 
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Front/Rear Slip Angles vs. Lateral Acceleration (Figure 4.20) 
 
 
 
Figure 4.20: Front/rear slip angles vs. lateral acceleration. 
 
Vehicle Sideslip Angles vs. Lateral Acceleration (Figure 4.21) 
 
 
 
Figure 4.21: Vehicle sideslip angles vs. lateral acceleration. 
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αr (Modified) < αr     Means the vehicle having less stiffer bushings, have smaller 
rear slip angles, so more US. 
 
Decreasing the stiffness values of the bushings, effect the vehicle lateral dynamics 
characteristics similar to rear suspension stiffness effects. 
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5. CONCLUSION 
 
Computational analysis results show that rear suspension stiffness and the number of 
leaves on the rear suspension have significant effects on dynamic behaviour of the 
selected test vehicle. 
  
Primary outcome of the study was that the desired understeer performance of a 
vehicle can be obtained by modifying the rear suspension stiffness. The vehicle will 
tend to be more understeer with softer rear suspension setting. Neglecting the change 
on the axle loads, occurred by modifying the suspensions, the non-linear 
characteristics of the tires play the main role in this behaviour since the lateral load 
transfer is the primary key affecting factor on cornering maneuver. Varying the left 
to right tire loads in turn affects the vehicle in dynamics manner. 
 
Other causes for the change in understeer / oversteer tendency of the vehicle were the 
roll steer effect and steer due to lateral compliance in the suspensions. With softer 
rear suspensions, the compliance allows the axle to steer toward the inner side of the 
turn, meaning the vehicle getting understeer. 
 
The analysis also indicates that the vehicle having stiffer rear suspension is more 
stable with relatively smaller yaw rates and lateral accelerations. The decrease on the 
suspension system elasticity manifested itself as the key contributor to the outcome. 
 
It needs to be stressed that the outcomes are particularly for the specifications of the 
selected vehicle. To be guided in the aimed direction, the effects of any single 
change on the specifications needs to be assessed. 
 
The recommendation for the future works is to focus on the effects of varying 
suspension characteristics to ride where the handling and the ride are the conflicting 
characteristics that require trade-off. Moreover optimization of these attributes will 
add valuable aspects.  
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